A fast and sensitive voltammetric method has been proposed for the determination of salbutamol at single-walled-carbonnanotube-modified edge-plane pyrolytic graphite electrode (SWNT/EPPGE) in human urine. The electrochemical response of salbutamol was determined by square wave voltammetry (SWV) in phosphate buffer solution (PBS) at physiological pH 7.2. The modified electrode showed improved voltammetric response towards the oxidation of salbutamol, and a well-defined anodic peak was observed at ∼600 mV with enhanced peak current in comparison to the bare electrode. Linear calibration plot using SWNT/EPPGE was obtained in the concentration range of 50 to 2500 ngml −1 with sensitivity and detection limit of 2.15 nA/ngml −1 and 4.31 ngml −1 , respectively. The developed method has been successfully applied for the determination of salbutamol in commercial preparations and human body fluids. Fast analysis of salbutamol in human urine makes the proposed method of great interest for doping control purposes at the site of competitive games.
Introduction
β 2 -agonists are effective bronchodilators and normally used in symptomatic treatment of asthma and chronic bronchitis [1] [2] [3] . Salbutamol (α 1 -[(tert-butylamino) methyl]-4-hydroxy-m-xylene-α,α -diol) (Scheme 1) is a direct-acting β 2 -agonist with beta-adrenergic activity employed as bronchodilator for the treatment of asthmatic disorders and chronic obstructive pulmonary diseases [4, 5] . It is also used to reduce premature labor in pregnancy [6] . Salbutamol is commonly administrated as pressurized metered dose inhaler and nebulized aerosol [7] . Salbutamol has been pharmacologically proven to be able to increase muscle protein, reduce total body fat, and promote muscle growth, therefore, it is highly abused by athletes to improve muscular strength and in turn improve their performance in sports [8] [9] [10] . The list of prohibited substances in sports published by the World Anti-Doping Agency (WADA) specifies that salbutamol can be used only by inhalation. Administration of salbutamol by oral or parenteral route and very large inhaled dose are forbidden due to strong adrenergic stimulation. The threshold concentration of 1000 ng/mL has been established to suspect for oral administration of salbutamol by the WADA rules [11, 12] . A concentration of salbutamol greater than 1000 ng/mL is considered as an adverse analytical finding of anabolic agent and constitutes a doping violation [13] . In view of the extensive use and misuse of salbutamol in sports, it has been mandatory to analyze salbutamol concentration in pharmaceutical formulations as well as in biological fluids.
Several techniques have been explored for the determination of salbutamol to monitor the therapeutic use as well as to control illegal use. This includes high-performance liquid chromatography [14] , capillary electrophoresis with UV detection [15] , flow-injection analysis using spectrophotometric method [16] , solid-phase extraction method [17] , conductometric method [18] , and electrogenerated chemiluminescence detection [19] . Although spectrophotometry and chromatography are the most commonly employed techniques, but these involve many derivatization steps and an effective extraction purification approach prior to final analysis which is very time consuming and the demand of expensive and heavy instrumentation. The voltammetric methods have been proven to be advantageous alternative way due to their simplicity, high sensitivity, and rapidness [20, 21] . Hence, the determination of salbutamol at variety of electrodes has been attempted [22] [23] [24] [25] [26] [27] . In many of these investigations, biological samples particularly urine have not been analyzed; hence, their usefulness could not be ascertained. In several others, the detection limit was much higher than expected to be present in blood plasma or urine. In the last few years our laboratory has been also trying to develop an efficient sensor for the determination of salbutamol [23] ; however, at nanogold-modified electrode, a detection limit of 0.30 μM is achieved. As the preparation of nanogold electrode is tedious and the size of nanoparticles depends on time for which ITO sheet is dipped in the solution for crystal growth [28] , pyrolytic graphite modified with carbon nanotubes is used in the present studies. The aim of the present work is to develop a fast and sensitive voltammetric sensor for the direct determination of salbutamol in human body fluids particularly urine as it can easily detect the cases of doping at the site of competitive games. The EPPGE has been proved to be an effective substrate for detecting lower concentration of biomolecules and drugs in comparison to other conventional electrodes [29, 30] . Carbon nanotubes are expected to increase electrochemical performance of electrodes due to their excellent electrical conductivity, nanometer size, and good chemical stability [31] [32] [33] [34] [35] . Therefore, the studies have been performed at SWNT/EPPGE. Square wave voltammetry is one of the widely used techniques due to its higher sensitivity, simplicity, and lower limit of detection for drugs and biomolecules [36, 37] ; hence, it has been utilized for the sensitive sensing of salbutamol in body fluids and pharmaceutical preparations to monitor clinical and doping cases.
Experimental

Instrumentation.
The voltammetric studies were carried out using BAS (Bioanalytical System, West Lafayette, USA) CV-50W voltammetric analyzer. The voltammetric cell used was a single compartment glass cell containing SWNT/EPPGE as working electrode, a platinum wire as counter electrode, and Ag/AgCl (3 M NaCl) as reference electrode (model BAS MF-2052 RB-5B). The edge-plane pyrolytic graphite piece was obtained from Pfizer Inc., New York, USA, and the electrode was prepared as reported earlier in literature [38] . The pH of the buffer solutions was measured using digital pH meter (Model CP-901), Century India Ltd. All potential are reported with respect to Ag/AgCl reference electrode at an ambient temperature of 27 ± 2
• C.
Chemicals and Reagents.
Salbutamol sulphate in powdered form was obtained as a gift sample from Vamsi labs Ltd., Maharashtra, India. SWNTs of purity >98% were purchased from Bucky USA, Houston, Tex, USA. Salbutamol-containing tablets of different companies were purchased from local market. Phosphate buffer solutions (1 M) were prepared according to the method of Christian and Purdy [39] . All chemicals used were of analytical grade and were purchased from Merck. Double-distilled water was used throughout the experiments.
Preparation of SWNT/EPPGE.
Prior to modification, the surface of EPPGE was rubbed on an emery paper followed by cleaning it with double-distilled water and soft touching with tissue paper. Firstly, different concentrations of nanotubes in N,N-dimethylformamide (DMF) were prepared. Then, 0.5 mg/mL was selected as optimum based on the optimum current response of fixed concentration of salbutamol. A 0.5 mg/mL suspension of SWNT was prepared by dispersing 0.5 mg SWNT in 1.0 mL DMF by ultrasonic agitation. A known volume (40 μL) of this suspension was coated onto the surface of the bare EPPGE, and the solvent was allowed to evaporate at room temperature. The modified electrode was now ready for use. The surface morphology of the bare and modified electrodes was characterized by recording FE-SEM using Quanta 200 FE-SEM instrument. A comparison of FE-SEM images of the bare and SWNT-modified electrodes is presented in Figure 1 and clearly indicates the deposition of SWNT on the surface of the electrode. The surface of bare pyrolytic graphite appears to be rough, whereas in the case of modified electrode the deposition of SWNT with some agglomeration is observed in FE-SEM.
Analytical Procedure.
Stock solution of salbutamol (1 mM) was prepared by dissolving the required amount of compound in double-distilled water. A known amount of stock solution was added to 2.0 mL phosphate buffer, and the total volume of 4.0 mL was obtained with double-distilled water. Square wave voltammograms were then recorded at the optimized parameters: initial E: 0 mV, final E: 1200 mV, square wave frequency (f): 15 Hz, square wave amplitude (E sw ): 20 mV, and step E: 4 mV. Urine sample of an asthma patient (male, 30 years, 45 kg) undergoing treatment with salbutamol from 8 months and blood plasma samples of healthy volunteers (female, 25 years, 50 kg; male, 30 years, 55 kg) were obtained from the Institute Hospital of IIT Roorkee. Blood sample was ultracentrifuged at a speed of 1000 rpm for 5 min, and supernatant blood plasma was used for the determination of salbutamol. Urine and blood samples were diluted 2 and 4 times, respectively, with phosphate buffer solution of pH 7.2 prior to analysis. Figure 2 clearly indicates that on scanning the potential from 0 to 1200 mV oxidation peak was noticed at ∼660 mV (peak a) using the bare electrode while for the modified electrode the oxidation peak appeared at ∼600 mV (peak b) having marked increment in current value as compared to the bare electrode for 2000 ng/mL salbutamol. The significant improvement in peak current with decreasing potential clearly demonstrates that single-walled carbon nanotubes act as an efficient electron mediator for the oxidation of salbutamol. The edge-plane-like defects which are present at the open ends of nanotubes and the embedded metal impurities in CNT samples are important reasons responsible for electrocatalytic properties of nanotubes [40, 41] . The modified electrode acts as a better substrate for voltammetric oxidation of salbutamol; therefore, further detailed studies were carried out at SWNT-modified EPPGE.
Results and Discussion
Electrochemical Behavior of Salbutamol
Cyclic Voltammetry.
Cyclic voltammetry is one of the most widely used techniques which provide considerable information about the electrode reaction. Electrochemical response of salbutamol was determined by recording the cyclic voltammogram of 5000 ng/mL salbutamol at SWNTmodified EPPGE in phosphate buffer of pH 7.2 at scan rate of 20 mV/s. Figure 3 shows that a well-defined anodic peak is observed with peak potential of ∼657 mV for salbutamol oxidation at SWNT/EPPGE. The absence of any peak in the reverse sweep clearly indicates that salbutamol was oxidized irreversibly at SWNT/EPPGE. Then, to analyze the nature of electrode reaction, cyclic voltammograms of 2000 ng/mL salbutamol were recorded at different scan rates in the range from 20 to 330 mV/s as shown in inset of Figure 3 . It was found that peak current increases linearly with the increase in scan rate (v), and the plot of i p versus v 1/2 clearly indicated that the reaction occurring at the surface of modified electrode is governed by the diffusion process [42, 43] . The dependence of peak current on scan rate can be expressed by the following relation:
where v is scan rate (mV/s) having a correlation coefficient of 0.997, where v is sweep rate in mV/s. Since SWV is more sensitive than other voltammetric techniques and has the advantage of suppressing the background current; hence, further studies for the determination of salbutamol in real samples were performed by square wave voltammetry.
Effect of pH.
The pH of the supporting electrolyte is one of the variables that strongly affect the redox reaction of analytes. Hence, it is usually important to investigate the effect of pH on electrochemical system. In order to optimize pH, the effect of pH on the oxidation of salbutamol was studied in the range of 2.3 to 9.9 using SWNT/EPPGE. The peak potential (E p ) of salbutamol was found to shift towards the less positive potential with the increase in pH as shown in Figure 4 (a). The linear dependence of peak potential on pH can be expressed by the following relations: 
having correlation coefficients of 0.995 and 0.992, respectively. The observed slope of ∼52 mV/pH clearly indicates that an equal number of electrons and protons are involved in the electrode reaction [44] . It was found that at pH 6.0 peak current was comparatively higher than at pH 7.0 for salbutamol solution; however, the study was performed in neutral media (pH 7.20) owing to the fact that the pH of human body fluids is almost equal to 7.00 and the determination of salbutamol in human body fluids was the main aim of proposed work.
Study of the Linear Range, Sensitivity, and Detection
Limit. Square wave voltammograms of different concentration of salbutamol were recorded in order to plot calibration curves using bare and modified electrodes. A systematic increase in peak current is observed with an increase in concentration of salbutamol at electrodes surface. The peak current versus concentration plots presents a good linearity for bare and modified electrodes in the concentration range of 500-2500 ng/mL and 50-2500 ng/mL, respectively, as depicted in Figure 4 (b). Linear relations between peak current and concentration of salbutamol can be expressed at both electrodes by the following equations:
where C is the concentration (ng/mL) of salbutamol having correlation coefficients of 0.996 and 0.995, respectively. Figure 5 illustrates a series of square wave voltammograms obtained for salbutamol at different concentrations in 1 M phosphate buffer solution of pH 7.2 using SWNT/EPPGE. The detection limit for modified electrodes was calculated by using the formula 3σ/b, where σ is the standard deviation and b is the slope of calibration curve, and was found to be 4.31 ng/mL.
Stability and Reproducibility of SWNT/EPPGE.
Reproducibility and stability are two important parameters of an electrode for the selective and sensitive quantitative determination. The stability of the modified electrode was examined by measuring the current response at fixed concentration of salbutamol over a period of 15 days. The electrode was used daily and stored in air. The experimental results show that the current intraday responses deviate by 1.28% and interday responses by 1.90%, suggesting thereby that SWNT-modified EPPGE possesses good stability for the determination of salbutamol. The reproducibility of modified electrode was evaluated by the repetitive measurements (n = 6) of salbutamol at a fixed concentration of 10 μM. The corresponding relative standard deviation of 0.4% confirms that results are satisfactorily reproducible. In order to examine intraday (repeatability) and interday (reproducibility) response, SWVs were recorded for a fixed concentration of salbutamol (10 μM) using SWNT/EPPGE. The experimental results show that the current intraday responses deviate by 1.94% and interday responses by 2.40%, suggesting thereby that SWNT/EPPGE possesses adequate reproducibility for the determination of salbutamol. Intra-electrode reproducibility is also an important parameter; hence, to examine electrode-to-electrode variation response, four pyrolytic graphite electrodes (1 × 1 × 3 mm 2 ) are casted with 40 μL of SWNT suspension. It was observed that these electrodes show a variation of ±2.9% in peak current of 10 μM salbutamol. Thus, it is concluded that the electrode-to-electrode variation is nonsignificant. Thus, the SWNT-modified EPPGE exhibits a good reproducibility and stability for the determination of salbutamol, and therefore the proposed sensor is also recommended for the determination of similar drugs and biomolecules with good sensitivity and low detection limit.
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Analytical Utility
Real Sample Analysis.
In order to establish the analytical utility of the proposed method, attempts have been made to analyze the urine sample of an asthma patient undergoing treatment with salbutamol for the last 8 months.
Urine sample was collected after oral administration of 2 mg salbutamol tablet (Salbetol-2). Prior to analysis, the urine sample was diluted 2 times with PBS of pH 7.2 in order to minimize interference of matrix. Square wave voltammograms of the urine sample of the patient spiked with known 6
International Journal of Electrochemistry amount of salbutamol were then recorded under optimized parameters using SWNT-modified EPPGE. Figure 6 clearly shows that a well-defined oxidation peak was observed at ∼600 mV (peak b) in urine sample of the patient. In order to confirm that this peak is due to the excreted salbutamol in urine, a known amount of authentic salbutamol was spiked in the diluted urine sample of the patient. It was observed that the peak current of peak at ∼600 mV increased on spiking of salbutamol, indicating thereby that the peak at E p ∼600 is due to the oxidation of salbutamol excreted in the urine sample of the patient. Some additional peaks were also observed in the urine sample at ∼300 (a), ∼780 (c), and ∼980 mV (d) and were likely to be due to the oxidation of major urinary metabolites, that is, uric acid, xanthine, and hypoxanthine, respectively, although no efforts had been made to analyze them. The concentration of salbutamol in the patient's urine sample was calculated by using calibration plot and found to be 2.00 μM, which was further confirmed using standard addition method. The RSD for the determination was found to be less than 2.2% for n = 5. 
Recovery Study.
In order to examine the stability of salbutamol in human body fluids and the accuracy of the developed method, recovery experiments were carried out at SWNT/EPPGE. Square wave voltammograms of plasma samples from two healthy volunteers were recorded for this purpose. Recovery experiments were carried out by standard addition method using SWNT-modified EPPGE. The drugfree plasma samples were spiked with known concentrations of standard solution of salbutamol followed by recording their voltammograms. The concentration of salbutamol was calculated by using regression equation, and the results observed are tabulated in Table 2 . The recoveries varied in the range from 98.00% to 100.00% with relative standard deviation (RSD) of ±3.2% indicating good accuracy of the proposed sensor, and adequate stability of salbutamol in body fluids is also recommended.
Conclusions
The results presented in this paper indicated that square wave voltammetry associated with the use of SWNT/EPPGE serves as a fast and reliable tool for the analysis of salbutamol in the biological system. SWNT/EPPGE exhibits improved electrocatalytic properties with enhanced peak current and decreased peak potential as compared to bare EPPGE and several other electrodes. The ability to mediate fast electron transfer reaction with salbutamol in solution makes the modified electrode an ideal candidate for its use in electrochemical experiments. The two important analytical parameters for efficient quantitative determination are sensitivity and detection limit. It was found that the sensitivity of salbutamol determination was almost three times higher using the modified electrode as compared to the bare electrode, and detection limit was also low enough at SWNT/EPPGE. Findings of the proposed work prove that the above-described approach can be a desirable pathway for fabrication of sensors based on nanotubes systems. It was also found that detection limit, sensitivity, and practical utility of the proposed method utilizing SWNT/EPPGE are much better than earlier reported methods ( Table 3) . The detection limit at the proposed electrode is almost ten and sixty times lower than that reported recently at MWNT/GCE and graphite-nanosheet-modified electrodes, respectively [25, 27] , and sensitivity is ten times higher than nanogold-modified ITO [23] . Real sample analysis is an important analytical utility of any sensor; however, no information regarding real sample analysis has been provided in recently reported methods using MWNT/GCE for salbutamol determination. Thus, it is reasonable to conclude that SWNT/EPPGE is a better sensor for the determination of salbutamol in comparison to nanogold-modified ITO or several other conventional electrodes reported earlier ( Table 3 ). The proposed sensor showed a good linear range, low detection limit, good reproducibility, satisfactory recovery results, and high stability making this system a promising example of chemical sensor and interesting alternative for quantification of salbutamol in human body fluids as well as in commercial preparations.
